Abstract: Biochar is redox-active and can function as a sustainable electron shuttle in catalyzing relevant redox reactions. It plays a crucial role in environmental remediation. In this work, we used different-nickel (Ni)-level biochars produced by the pyrolysis of plant biomass with correspondingly different Ni levels as extracellular electron shuttles for microbial reduction of ferrihydrite by Shewanella oneidensis MR-1. A high Ni level of the precursor considerably enhanced the conductor mechanism of the produced biochar and thus enabled the biochar to catalyze increased microbial reductions of the Fe(III) mineral, but it did not promote the charging and discharging capacities of the produced biochar. This study can aid in the search for natural biomass with high Ni content to establish low-cost biochars with wide-ranging applications in catalyzing the redox-mediated reactions of pollutants.
Introduction
Biochar is a highly aromatized refractory solid polymer produced from the thermal decomposition of diverse biomass species under completely or partially anaerobic conditions [1] . In the past few years, the great application potential of biochar has elicited increasing attention. Research has demonstrated that biochar plays crucial roles in plant growth, pollutant removal, catalytic reactions, energy storage, CO 2 capture, and climate warming mitigation [1] . The eco-environmental effects of biochar are attributed to its special physical and chemical properties, including pH, nutrient element composition, surface functional groups, microporous structure, specific surface area, sorption performance, and recalcitrance against degradation [2] . Recent studies have revealed that biochar has a new, potentially significant function. A study has shown that biochar is redox-active and can reversibly accept and donate electrons [3] , which is crucial in catalyzing relevant redox reactions. The redox-active property of biochar is mirrored by its redox and conductor mechanisms [3, 4] . The redox mechanism of biochar involves the electron flux through charging and discharging cycles of surface functional groups, and the conductor mechanism of biochar involves electron transfer through its conductive domains [5] .
The demand for mineral resources is increasing due to the development of the global economy. Nickel (Ni), as a strategic material, has ignited a wave of development of mineral resources and Ni production at a global scale. However, the number of contaminated sites caused by Ni continues to increase. How to remediate these contaminated fields and how to effectively utilize Ni are serious problems. Ni is a transition metal element with high electrical conductivity. However, whether the Ni-rich characteristic of biochar can enhance its conductor mechanism or not remains unknown. Although Ni-doping modification techniques can increase the content of Ni in biochars, Ni is only doped on the surface of biochars, and Ni-doping requires a series of specialized processes. Hence, Ni-rich biochars may not provide an ideal conductor mechanism, and expensive economic costs are required. Pyrolysis that uses Ni-enriched biomass directly may be a preferred method for producing Ni-rich biochars. Given that biochars produced by the pyrolysis of a Ni-enriched biomass exhibit an improved conductor mechanism, producing biochars through the pyrolysis of Ni-enriched biomass not only promotes the functionality of biochars but also turns Ni from waste and ferronickel mine land into valuable resources via the bioaccumulation of Ni in plant biomass.
In this study, we used different Ni-level biochars produced by the pyrolysis of plant roots with correspondingly different Ni levels as extracellular electron shuttles for catalyzing the microbial reduction of ferrihydrite by Shewanella oneidensis MR-1. The main goal of this study was to test whether the biochar produced by the pyrolysis of a Ni-enriched biomass exhibits an improved conductor mechanism or not. The results of the present study can promote the application of biochars from Ni-rich-biomass pyrolysis for the control of redox-active pollutants.
Results and Discussion
Abiotic controls with biochar and ferrihydrite showed that biochar did not provide a considerable contribution to the reduction of Fe(III) mineral ferrihydrite to Fe(II) within 72 h ( Figure 1A ). When S. oneidensis MR-1 was incubated with lactate and ferrihydrite, we observed about 50% of Fe(II) formation within 72 h ( Figure 1A) , which is consistent with fact that S. oneidensis MR-1 can reduce Fe(III) minerals to soluble Fe(II) in the environment through direct-contact mechanisms. When biochars were added to S. oneidensis MR-1 inoculated with ferrihydrite and lactate, the Fe(II) formation rates and extents increased remarkably beyond the additive values of biochar with ferrihydrite and S. oneidensis MR-1 with ferrihydrite, respectively ( Figure 1A ). This result indicates that biochar can catalyze extracellular electron shuttle by transferring electrons from S. oneidensis MR-1 to Fe(III) mineral ferrihydrite. Notably, the Fe(II) formation rates and extents in the presence of cells and biochars increased gradually with increasing Ni levels in the biochars ( Figure 1A,B) , suggesting that the effect of biochars on the microbial reduction of ferrihydrite by S. oneidensis MR-1 was dependent on the Ni level.
Biochar, through its redox and conductor mechanisms, has been utilized to transfer electrons from cells to Fe(III) mineral [6] . The redox mechanism of biochar in shuttling electrons is positively dependent on the charging and discharging capacities of its surface redox-active functional groups [5] . In this study, biochar suspensions were subjected to microbial reduction for 72 h by S. oneidensis MR-1 and subsequent sterilization through ultraviolet radiation. After these suspensions were added to ferrihydrite, biochars with different Ni levels did not significantly differ in catalyzing the reduction of ferrihydrite to Fe(II) ( Figure 1B ). This result can be attributed to the identical distributions of the redox-active groups on the surfaces of the biochars with different Ni levels. The increased Fe(II) formation rates and extents in the presence of cells and biochars with increasing Ni levels in the biochars can be attributed to the high contact performance of Ni-rich biochars with cells and ferrihydrite. However, our results also showed that biochars with relatively high Ni levels did not exhibit high physicochemical parameters (e.g., surface area, pore structure, particle size, and pH) that governed their adsorption performance (Table 1 ). This result suggests that the biochars with different Ni levels did not considerably differ in their contact performance with cells and ferrihydrite. Table 1 ). In (B), means followed by the same lowercase letter for each setup are not significantly different at p < 0.05 (t-test). Table 1 . Physicochemical properties of biochars with different Ni contents. Mean (±SE, n = 3).
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Catalysts
Altogether, these results indicate that the Ni level of the biochar stimulated the electron transfer from cells to ferrihydrite by improving the conductor mechanism of the biochar (Figure 2) . Analogous to the electron-carrying heme in the outer-membrane cytochromes of microorganisms [7, 8] , the abundance of Ni in the biochars formed an electron transfer conduit that promoted the direct transfer of electrons. This phenomenon may have increased the conductor mechanism of the biochars and thus catalyzed the microbial reduction of Fe(III) mineral ferrihydrite to Fe(II). In order to pinpoint the detailed mechanisms of the effects of Ni level of the biochar on its conductor mechanism, future investigation is needed to clarify the oxidation states of Ni species through X-ray Photoelectron Spectroscopy (XPS) analysis, and to evaluate the surface potential, particle size distribution, and residual groups through Boehm testing.
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Altogether, these results indicate that the Ni level of the biochar stimulated the electron transfer from cells to ferrihydrite by improving the conductor mechanism of the biochar (Figure 2 ). Analogous to the electron-carrying heme in the outer-membrane cytochromes of microorganisms [7, 8] , the abundance of Ni in the biochars formed an electron transfer conduit that promoted the direct transfer of electrons. This phenomenon may have increased the conductor mechanism of the biochars and thus catalyzed the microbial reduction of Fe(III) mineral ferrihydrite to Fe(II). In order to pinpoint the detailed mechanisms of the effects of Ni level of the biochar on its conductor mechanism, future investigation is needed to clarify the oxidation states of Ni species through X-ray Photoelectron Spectroscopy (XPS) analysis, and to evaluate the surface potential, particle size distribution, and residual groups through Boehm testing. Considering the positive association of the catalyzed effectiveness of biochars in the microbial reduction of Fe(III) minerals through their conductor and redox mechanisms, we expect the produced biochars to be rapid in directly transferring electrons and in the charging and discharging cycles of their surface redox-active functional groups. A study has demonstrated that the low H/C and O/C ratios of biochars enhance the conductor mechanism [5] by which electrons can be directly and rapidly transferred from cells to the terminal electron acceptors. Although the features of the elemental composition of biochars can be fine-tuned by adjusting the pyrolysis conditions (e.g., heating rate and temperature) [9, 10] , this study revealed that a high Ni level of the precursor can remarkably enhance the conductor mechanism of the produced biochars. Thus, future efforts should Considering the positive association of the catalyzed effectiveness of biochars in the microbial reduction of Fe(III) minerals through their conductor and redox mechanisms, we expect the produced biochars to be rapid in directly transferring electrons and in the charging and discharging cycles of their surface redox-active functional groups. A study has demonstrated that the low H/C and O/C ratios of biochars enhance the conductor mechanism [5] by which electrons can be directly and rapidly transferred from cells to the terminal electron acceptors. Although the features of the elemental composition of biochars can be fine-tuned by adjusting the pyrolysis conditions (e.g., heating rate and temperature) [9, 10] , this study revealed that a high Ni level of the precursor can remarkably enhance the conductor mechanism of the produced biochars. Thus, future efforts should focus on the search for natural plants with high capacities to absorb Ni. Such plants can be used not only to remove Ni from Ni-contaminated environmental matrices through phytoremediation, but also to promote the wide application of biochars in environmental remediation through their prominent conductor mechanism-induced electron transfer functionality.
Materials and Methods

Preparation of Biochar
To uniformly load Ni into the internal structure of biochar rather than doping Ni on its surface, a Ni-loaded iris (Iris sibirica L.) was cultivated through a Ni-added hydroponic method. At the beginning of the cultivation, irises (six months of growth, same weight; Daxing nursery, Beijing, China) were randomly divided into four groups, and each group contained three plants. Each group was then placed in a bucket filled with 10 L of nutrient solution. The nutrient solution contained 5.0 mmol of 3 citrate as the iron source. The experiment was conducted in a greenhouse, and the temperature was maintained from 21.0 • C-28.0 • C. The average photoperiod was 15 h light/9 h dark. After two weeks of cultivation, Ni was added to the nutrient solutions with concentration gradients of 0, 25.00, 100.00, and 300.00 mg L −1 . Experiments were conducted in triplicate for each Ni level. Deionized water was added to maintain a constant volume of the solution every day, and the nutrient solutions were completely replaced every week. The plants were harvested after two months of Ni-added cultivation. The element contents of the iris roots are shown in Table 2 . Note that all the chemicals used in this study were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Biochar was prepared by pyrolyzing (600 • C, 2 h) the roots of Ni-loaded irises in an air-starved environment. Given that 600 • C is a relatively low temperature to achieve the conductivity of biochar, the choice of 600 • C can effectively verify whether the biochar produced by the pyrolysis of the Ni-enriched biomass can improve the conductor mechanism. After being cut into slices, the roots were pretreated with 1 M of NaOH solution to remove the impurities on their surfaces, rinsed to neutral with deionized water, and dried at 105 • C. The biochar obtained after pyrolysis was used without further modification.
Biochar Characterization
Carbon (C), nitrogen (N), hydrogen (H), and oxygen (O) contents were determined with a high-temperature automated elemental analyzer (Vario EL cube, Langenselbold, Germany). The iron (Fe), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), cobalt (Co), copper (Cu), zinc (Zn), molybdenum (Mo), and nickel (Ni) of biochars were extracted by aqua regia at 160 • C and then determined via inductively coupled plasma-optical emission spectrometry (ICP-OES, Thermo ICAP-6000, Madison, WI, USA). pH was measured in deionized water at a ratio of 1:5 w/w. The surface area and ash content of biochars were determined following the method of Mukherjee et al. [11] . The electrical conductivity of biochar was measured by adopting the method of Wiedner et al. [12] .
Microorganisms and Biochar Suspensions
The microorganisms and anoxic biochar suspensions were prepared according to the procedure of Kappler et al. [6] . For the microorganism suspensions, S. oneidensis MR-1 was cultured according to the method in a previous study [13] . The culture was centrifuged after incubation in LB medium for 24 h. Then, the cell pellet was washed four times with 30 mM of anoxic bicarbonate buffer (pH = 7) and suspended at a density of 10 10 cells mL −1 .
After one night of deoxygenation, powdered biochar was suspended in anoxic water to a final concentration of 150 g L −1 . The suspension was dispersed using an ultrasonic probe for 10 min, degassed under vacuum for 2 min, rinsed with N 2 for 5 min, and sterilized using an autoclave (120 • C, 20 min).
Ferrihydrite Reduction Experiments
Ferrihydrite reduction assays were set up in triplicate in serum bottles containing 10 mL of 30 mM NaHCO 3 buffer (pH = 7), sodium lactate (30 mM), 15 mM ferrihydrite, biochar (final concentration of 5 g L −1 ), and S. oneidensis MR-1 cells (10 9 cells mL −1 ). Anoxic water was added as a control. Approximately 100 µL of the solution was extracted with 900 µL of 1 M HCl (1 h) to determine the total Fe(II) and total Fe concentrations at predetermined time intervals.
Ferrozine assay was used to quantify Fe(II) and Fe(III). Briefly, a total of 200 µL of the reaction mixture was added to 5 mL of 50 mM HEPES-buffered ferrozine (1 g L −1 ) solution. Absorbance was measured immediately with an ultraviolet-visible spectrophotometer (Shimadzu UV-1800, Tokyo, Japan) at 510 nm.
Conclusions
Overall, the results demonstrated that a high Ni level of the precursor considerably enhanced the conductor mechanism of the produced biochars and thus enabled the biochars to catalyze increased microbial reductions of Fe(III) minerals, but it did not promote the charging and discharging capacities of the produced biochars. This study provided insights into the role of biochars produced by the pyrolysis of Ni-enriched biomass in catalyzing relevant redox reactions. 
